Ammonia, produced mainly from the deamination of amino acids and glutamine, is one of the major toxic components in blood and tissues that may affect bovine health. However, the physiological and pathological roles of ammonia in the mammary glands are not understood clearly. In the present study, the bovine mammary epithelial cell line (MAC-T) was utilised as an in vitro model to determine the effects of ammonia on bovine mammary gland. We demonstrated that ammonia stimulated the production of intracellular reactive oxygen species, decreased mitochondrial membrane potential, interrupted intracellular calcium ion (Ca 2+ ) homeostasis and induced cell apoptosis. Ammonia also significantly reduced cell viability and increased the proportion of apoptotic cells through enhancing the level of p53 phosphorylation and increasing the expressions of BAX, caspase 8, caspase 9, caspase 3. Interestingly, bumetanide, a specific Na
Introduction
There are many sources of ammonia in the bovine body. Endogenous ammonia is mainly produced from the deamination of amino acids and glutamine by the kidneys, where exogenous ammonia mainly originates from bacterial enzymes within the alimentary tract, including the intestinal canal and rumen (1, 2) . Under normal conditions, ammonia is efficiently detoxified in the bovine body. However, ammonia has been reported to affect bovine biological systems, including the actions of insulin and glucose metabolism which have potential effects on reproduction (3) . Ammonia can diffuse from the alimentary tract across the peritoneal cavity to the peripheral circulation and other tissues (4) . It has been shown that cows fed with high-protein feed to maximise milk yield exhibit elevated ammonia concentrations in their tissues and blood. Elevated ammonia levels may play a key role in decreased conception rates and increased calving to conception intervals (5) .
However, most researches to date have focussed on the effects of ammonia on the reproduction of dairy cows. The physiological and pathological roles of ammonia in the bovine mammary glands remain to be understood.
Ammonia is one of primary products of cell metabolic wastes, which inhibits cell growth and affects metabolism (6) . A number of papers have reported that elevated concentrations of ammonia in culture medium may induce cellular apoptosis and oxidative stress and inhibit cell growth (7) (8) (9) . However, the molecular mechanisms behind the effects of ammonia on cells have not been described clearly. Furthermore, ammonium ions enter cells either through cell-surface ion channels or by free diffusion (10) . The rate of diffusion of NH 4 + through the cell membrane varies with different types of cells and is very low due to the charge of other ions (10) . As the ammonium ion has the same ionic radius as the potassium ion, the ammonium ion enters the cytoplasmic membrane by competing with the potassium ion via potassium transport proteins like the Na + K + 2Cl − -cotransporter and the Na + K + -ATPase (11 (11, 12) . The Na + K + 2Cl − -cotransport systems have been identified in a large variety of animal cells and tissues (13) . Bumetanide, a specific Na + K + 2Cl − -cotransporter inhibitor, can block the activity of NKCC1 and NKCC2.
Due to a growing demand for milk in recent years, the dairy industry has become one of the most important components of the agricultural ecosystem in China. However, the equilibration between milk production and the crude protein requirements of dairy cows remains a controversy. When the dietary protein intake of a dairy cow is excessive, the rumen of the cow releases large quantities of ammonia due to protein degradation. This surplus ammonia enters the blood stream leading to an increase in blood and tissue ammonia (14) . Although the effects of ammonia on bovine metabolic hormones and reproduction have received attention, little study has hinted at the physiological effects of ammonia on the bovine mammary gland in vitro and in vivo. The purpose of the present study was to investigate the effects and molecular mechanisms of ammonia on the bovine mammary gland by using an in vitro culture model of bovine mammary epithelial cells. First, we focussed on the effects of ammonia on apoptosis, reactive oxygen species (ROS) production and Ca 2+ concentration in the bovine mammary epithelial cells. Second, we evaluated the changes of key genes related to apoptosis (BAX, BCL2, p53, caspase 9, caspase 8 and caspase 3). Third, we determined whether the Na + K + 2Cl − -cotransporter inhibitor, bumetanide, prevents ammonium ions from entering the bovine mammary epithelial cells and inhibits the effects of ammonium on the cells.
Materials and Methods

Cell culture and treatment
The bovine mammary epithelial cell line MAC-T was cultured in DMEM/F12 1:1 (Hyclone, South Logan, UT, USA) medium with 10% fetal bovine serum (Gibco, Grand Island, NY, USA) at 37°C with 5% CO 2 . Cells were seeded into different culture dishes and plates (Corning, NY, USA) at corresponding densities for different assays. NH 4 Cl (sigma, St. Louis, MO, USA) was dissolved in ddH 2 O; A new stock solution of 100 mM bumetanide was stored at room temperature. Bumetanide (sigma, St. Louis, MO, USA) was dissolved in dimethyl sulfoxide (DMSO) (Sigma, St. Louis, MO, USA). A new stock solution of 100 mM of bumetanide was prepared for every experiment. Cells were pre-incubated with bumethanide (3 mM) for 2 h before ammonium chloride was added.
Immunofluorescent staining
The bovine mammary epithelial cells (MAC-T) were seeded in 24-well plates and grown until 50% confluence. Cells were then fixed with 10% formalin and blocked with Immunol Staining Blocking Buffer (Beyotime, Shanghai, China) followed by washing with TBST buffer (Triton X-100, 50 mM Tris, 0.15 mM NaCl, pH 7.6 containing 0.1% and Tween-20) three times. Cells were then incubated with a primary antibody for cytokeratin 18 at a dilution of 1:200 (Abcam, Cambridge, MA, USA) at 4°C for 12 h. After washing with TBST buffer, the cells were incubated with a FITClabelled goat anti-mouse IgG diluted 1:1000 (Beyotime, Shanghai, China) in a special Secondary Antibody Dilution Buffer, (Beyotime, Shanghai, China). The nuclei of cells were stained with PI (Beyotime, Shanghai, China) for 15 min. Antifade mounting medium (200 μl, Beyotime, Shanghai, China) was then added to each well. The cells were viewed and analyzed with an Olympus fluorescence microscope (IX71, Tokyo, Japan).
Cell viability assay
The cell viability of MAC-T cells was measured with the cell counting kit-8 (cck8 kit, Dojindo, Kumamoto, Japan). The cells were seeded in 96-well plates (10 4 cells per well) for 8 h, then treated with ammonium chloride at different levels. After 24 h of treatment, 10 µl of cck8 was added to each well. After 2 h of incubation at 37°C, the optical density was measured at 450 nm on a microplate reader (BioTek, Highland Park, USA). The cell viability tests were assessed at least three times.
Quantitative measurement of apoptosis by AnnexinV-FITC/PI staining
The apoptotic rate of MAC-T cells was detected using FCM with annexin V-FITC and PI double labelling, (Annexin V-FITC Apoptosis Detection Kit, Beyotime, Shanghai, China). Cells were seeded in 6-well plates and treated with 5 mM ammonium chloride for 24 h. The cells were digested and washed by cold PBS (Hyclone, South Logan, UT, USA) twice and then fixed with 70% pre-cooled ethanol for 24 h. After centrifugation at 1000g for 5 min, the supernatant was discarded, and the cell pellets were washed twice. Staining was carried out in 200 µl of bonding buffer containing 5 µl of Annexin V-FITC in dark at room temperature for 20 min, followed by another 15 min in the dark at 4°C. PI (10 µl) was then added. Samples were measured with a BD LSR flow cytometer (BD Biosciences, Franklin Lakes, USA).
Determination of ROS generation
The intracellular ROS levels of the cells were detected using a Reactive Oxygen Species Assay Kit (Beyotime, Shanghai, China). Cells were seeded in 6-well culture dishes. After treatment, the different groups of cells were washed with PBS and incubated with DCFH-DA at 37°C for 30 min, followed by washing three times with phosphate-buffered saline (PBS pH = 7.2). The DCF fluorescence distribution of 20,000 cells was detected with a BD LSR flow cytometer (BD Biosciences, Franklin Lakes, USA) at an excitation wavelength of 488 nm and an emission wavelength of 535 nm.
Measurement of mitochondrial membrane potential (Δφm)
Mitochondrial membrane potential (MMP) (Δφm) was measured using the JC-1 Mitochondrial Membrane Potential Assay Kit (Beyotime, Shanghai, China) per the manufacturer's instructions. The cells were treated with CCCP (10 μM) for 30 min at 37°C. Cells were collected and washed with PBS (pH = 7.2), incubated with a working solution of JC-1 dye for 30 min at 37°C, and washed with JC-1 buffer solution three times. MMP was then measured using the BD LSR flow cytometer (BD Biosciences, Franklin Lakes, USA) at 530 nm.
Measurement of intracellular free-Ca
2+ concentration
The level of intracellular Ca 2+ was detected with the cell-permeant probe Fluo-3/acetoxymethyl ester (Fluo-3/AM, Sigma, St. Louis, MO, USA) method. The fluorescence of cell suspensions was assayed using the BD LSR flow cytometer. Cytoplasmic Ca 2+ concentration was expressed as the mean fluorescence of fluo-3.
Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labelling
TdT-UTP nick end labelling (TUNEL) assays were performed with the Colorimetric TUNEL Apoptosis Assay Kit (Beyotime, Shanghai, China) according to the manufacturer's instructions. Cells were plated in 24-well plates and fixed in 4% paraformaldehyde for 40 min, followed by a single washing with PBS. The cells were permeabilised with immunol staining wash buffer (Beyotime, Shanghai, China) for 3 min on ice. After washing with PBS, the cells were incubated with 0.3% H 2 O 2 in methanol at room temperature for 30 min. Thereafter, the cells were incubated with 2 μl of TdT-enzymea and 48 μl of Biotin-dUTP per well for 60 min at 37°C. Cells were then incubated with streptavidin-HRP conjugate (50 μl per specimen) diluted at 1:50 of streptavidin-HRP for 30 min, followed by washing three times with PBS. Cells were incubated with diaminobenzidine (DAB) solution (200 μl per specimen) for 20 min. The results were imaged with a light Microscope (IX71, Tokyo, Japan). The number of TUNEL-positive cells were counted under a light microscope at 200× magnification and analyzed for statistical significance.
RNA isolation and real-time PCR analysis
Total RNA was isolated from cells with TRIZOL Regent Kit (Takara, Tokyo, Japan). Approximately 1 µg total RNA was used for cDNA syntheses using a standard reverse transcription kit (Takara, Tokyo, Japan). The inverse transcription process was: 25°C for 10 min, 42°C for 15 min and 85°C for 5 min. The PCR products were electrophoresed on a 1.5% agarose gel and detected with ethidium bromide. Reverse transcription polymerase chain reaction (RT-PCR) was carried out with 6 µl of reverse transcription product. Primers were designed using the NCBI primer design tool, primer sequences are shown in Table 1 (synthesised in Comate Bioscience Co. Ltd, Changchun, China). The reverse transcription product was diluted 1:6 and used as cDNA template for qPCR analysis. qPCR was carried out in a 7500c real-time PCR detection system (Applied Biosystems, Carlsbad, CA, USA) with the SYBR premix EX Taq (TaKaRa) following the manufacturer's instructions using a fast twostep reaction.
Western blotting analysis
Following ammonium chloride treatment, MAC-T cells were washed with PBS and digested using Trypsin (Gibco, Grand Island, NY, USA) for 4 min. Cells were then washed with PBS twice and 150 µL of RIPA lysis buffer and protease inhibitor was added to the cells. Cell lysates were collected by centrifugation at 12000g for 12 min. Protein concentration was detected by BCA protein assay kit (Beyotime, Shanghai, china). The proteins were separated by 10% SDS-PAGE and blocked with 5% bovine serum albumin dissolved in TBST for 1 h, then incubated with primary antibodies [phospho-p53 (ser15) antibody (CST; Danvers, MA, USA)] (1:1000); p53 antibody, BAX antibody, BAX antibody, caspase 3 antibody, caspase 8 and caspase 9 (Bioworld; Louis Park, USA) (1:1000); GAPDH antibody (Bioworld) (1:8000) at 4°C for 12 h. The membranes were washed 4 times for 6 min each and incubated with the appropriate second antibody conjugates (Abcam, Cambridge, MA, USA) or horseradish peroxidase-conjugated protein antibody for 1 h at room temperature. Membranes were washed four times and then stained using the DAB Horseradish Peroxidase (Color Development Kit Beyotime, Shanghai, China). The proteins were detected using the gel visualise Alpha Innotech and analyzed with the Tanon gel imaging system (Tanon, Shanghai, China). GAPDH was regarded as the control.
Statistical analysis
One-way or two-way analysis of variance (ANOVA) with multiple comparison post test (Dunnett or Bonferroni) were used to compare the means between experimental groups as indicated. Data are given as mean ± SD. P-values of 0.05 or less were considered to be significant.
Results
Identification of bovine mammary epithelial cells
The shape of bovine mammary epithelial cells was observed via electron microscopy (SEM). MAC-T cells demonstrated the typical 'cobblestone' shape and presented the typical characteristics of epithelial cells (data not shown). At the same time, immunofluorescence identification with cytokeratin 18 was performed. As shown in supplementary Figure S1 , available at Mutagenesis Online, the cytoplasm was dyed green (cytokeratin 18 present positive) and the cell nucleus was dyed red with PI. The results confirmed that cells were bovine mammary epithelial cells.
Effect of ammonia on the viability of bovine mammary epithelial cells
The effects of ammonia on the viability of MAC-T cells were assayed with the cck8 kit. Cells were treated with different concentrations of ammonium chloride (0, 0.05, 0.5, 5, 25, 50 mM). As shown in Figure 1 , ammonia decreased the viability of the MAC-T cells in 
Effect of ammonia treatment on cell apoptosis
After the cells were treated with NH 4 Cl or bumetanide, an inhibitor of the Na + K + 2Cl − -cotransporter, the results indicated that bumetanide alleviated the ammonia-induced increase of the rate of apoptosis in the MAC-T cells (Figure 2 ). In addition, when bumetanide was at the concentration of 3 mM, there was no toxic effect on bovine mammary epithelial cells (supplementary Figure S2 , available at Mutagenesis Online). Two-way ANOVA revealed a main effect of ammonia (F = 81.17; P < 0.01) but not of bumetanide, and an interaction effect of ammonia × bumetanide (F = 24.99; P < 0.01). Post hoc analysis showed that ammonia significantly increased the rate of apoptosis in the MAC-T cells compared with untreated cells (P < 0.01), and that bumetanide treatment in the presence of ammonia reduced the rate of apoptosis in the MAC-T cells compared with cells treated with ammonia alone (P < 0.01) (Figure 2 ).
Effect of ammonia on ROS production
ROS production increased significantly after 24 h of exposure to 5 mM ammonia, compared to the control group. In addition, ROS production in the ammonia plus bumetanide group was significantly decreased compared to the ammonia group ( Figure 3A) . Two-way ANOVA revealed a main effect of ammonia (F = 170.08; P < 0.01) and bumetanide (F = 17.30; P < 0.01), and an interaction effect of ammonia × bumetanide (F = 41.68; P < 0.01). Post hoc analysis showed that ammonia significantly increased the ROS levels in the MAC-T cells compared with untreated cells (P < 0.01), and that bumetanide treatment in the presence of ammonia reduced the ROS levels in the MAC-T cells compared with cells treated with ammonia alone (P < 0.01) ( Figure 3A) .
Effect of ammonia on intracellular free-Ca
2+
The effect of ammonia on intracellular free-Ca 2+ concentration is shown in Figure 3B . The intracellular free-Ca 2+ concentration in the ammonia group was increased significantly compared to the control group. In addition, the intracellular free-Ca 2+ concentration in the ammonia plus bumetanide group was decreased significantly compared to the ammonia group ( Figure 3B ). Two-way ANOVA revealed a main effect of ammonia (F = 13.45; P < 0.01) but not of bumetanide, and an interaction effect of ammonia × bumetanide (F = 4.80; P < 0.05). Post hoc analysis showed that ammonia significantly increased the intracellular free-Ca 2+ concentration in the MAC-T cells compared with untreated cells (P < 0.01), and that bumetanide treatment in the presence of ammonia reduced the intracellular free-Ca 2+ concentration in the MAC-T cells compared with cells treated with ammonia alone (P < 0.01) ( Figure 3B ).
Effect of ammonia on MMP
As shown in Figure 3C , MMP in the cells treated with ammonia was decreased significantly compared to the control group. Further, MMP in the ammonia plus bumetanide group was increased compared to the group treated with ammonia. Two-way ANOVA revealed a main effect of ammonia (F = 554.55; P < 0.01) but not of bumetanide, and an interaction effect of ammonia × bumetanide (F = 69.20; P < 0.01). Post hoc analysis showed that ammonia significantly decreased the mitochondrial membrane in the MAC-T cells compared with untreated cells (P < 0.01), and that bumetanide treatment in the presence of ammonia increased the mitochondrial membrane in the MAC-T cells compared with cells treated with ammonia alone (P < 0.05) ( Figure 3C ).
Effect of ammonia treatment on DNA fragmentation
TUNEL is a method used to identify apoptotic cells via the detection of DNA fragmentation. As shown in Figure 4 , a number of nuclei of the MAC-T cells were stained as a discernible brown (TUNELpositive cells) in the ammonia-treated group compared with the control group (Figure 4A and B) . Ammonia increased the percentage of TUNEL-positive cells significantly compared with the control group ( Figure 4F ). The bumetanide plus ammonia group significantly decreased the number of TUNEL-positive cells compared with the ammonia group ( Figure 4B, C and F) . In addition, a lot of MAC-T cells were also changed in morphology after treated by ammonia alone or with bumetanide. These changes included cellular shrinkage and detachment from the culture plate ( Figure 4B and C) .
Effects of ammonia on mRNA expression of BAX, BCL2, caspase 3, caspase 8, caspase 9 and p53
To further analyze the mechanisms behind ammonia-induced apoptosis in the MAC-T cells, genes involved in cell apoptosis were detected by using RT-PCR. The results shown in Figure 5 suggest that ammonia significantly increased the mRNA expression of BAX, caspase 3, caspase 8 and caspase 9 and significantly decreased the ratio of BCL2 to BAX. In addition, the mRNA expression of BCL2 and p53 were not significantly changed. The mRNA expressions of BAX, caspase 3, caspase 8 and caspase 9 in the ammonia plus bumetanide group were decreased significantly compared to the ammonia group.
Effect of ammonia on apoptosis-related protein expression
The effect of ammonia on expression of the apoptosis-related proteins in (MAC-T) cells was verified via western blotting. As shown in Figure 6 , ammonia significantly up-regulated the protein expressions of p-p53, caspase 3, BAX, caspase 9 and caspase 8, where there was no significant difference in p53 protein expression. Furthermore, bumetanide inhibited expression of the proteins induced by ammonia.
Discussion
Numerous studies have been performed on the effects of ammonia on bovine reproduction (14, (18) (19) (20) , while no data is available regarding the physiological and pathological roles of ammonia in the mammary glands. In the present study, we focused on the effects of ammonia on bovine mammary epithelial cells as an in vitro model. We observed a very high percentage of apoptotic cells after ammonia treatment. MMP, Ca 2+ , oxidative stress, proteases or nucleases and other molecules and organelles may be related to apoptosis.
Acute ammonia intoxication impairs mitochondrial function, which may lead to a decrease in ATP synthesis and increased formation of free radicals (21, 22) . It has been reported that cells treated with pathophysiological concentrations of ammonia can lead to a drastic increase in the mitochondrial NAD + /NADH ratio and result in overproduction of ROS (22) . In the present study, the level of ROS in the MAC-T cells increased significantly with ammonia treatment, suggesting that ammonia induces oxidative stress in bovine mammary epithelial cells. In addition, the production of ROS and cell apoptosis are closely related (9). Our results also showed that the percentage of apoptotic cells was increased significantly with ammonia treatment, which may be closely correlated with the overproduction of ROS.
In addition, TUNEL assay was further carried out to confirm the cell apoptosis induced by ammonia. TUNEL is a popular method for identifying apoptotic cells by detecting DNA fragmentation. In our results, the percentage of DNA fragmentation was increased with ammonia treatment by TUNEL assay. Meanwhile, the level of ROS increased significantly further suggesting that oxidative stress may play an important role in the ammonia-induced cell apoptosis.
Recent studies have reported that an increase of Ca 2+ concentration may also be stimulated by ROS, which can trigger apoptotic pathways (23) . When Ca 2+ homeostasis is disrupted by an external toxicant, hydrolytic enzymes are activated, resulting in exaggerated energy consumption, impairment of energy production and cell death (24) . In our study, the Ca 2+ concentration, the percentage of cell apoptosis and ROS level increased significantly with ammonia treatment, indicating that ammonia-induced oxidative stress stimulates the increase of Ca 2+ concentration, resulting in the breaking of the equilibrium of Ca 2+ and the triggering of the apoptotic pathways. In addition, the formation of ROS by ammonia depends on an elevation of intracellular Ca 2+ (25) (26) (27) . So we could further conclude that ROS in turn may trigger a self-amplificatory cycle in which ROS may further elevate intracellular Ca 2+ levels and thereby finally trigger apoptosis.
There is growing evidence for a close correlation between ROS production and MMP (28) . Overproduction of ROS can damage the respiratory chain and increase the mitochondrial permeability of the protons, then resulting in a decrease of the MMP (29) (30) (31) . Furthermore, mitochondrial dysfunction participates in the induction of apoptosis. Mitochondria have been suggested as the centre of the apoptotic pathways. Moreover, it has been reported that MMP decreased during the apoptosis process (28, 32) . In our study, MMP in the MAC-T cells was decreased significantly but the level of ROS and the proportion of apoptotic cells were increased significantly with ammonia treatment. Therefore, the overproduction of ROS as well as the collapse of MMP may contribute to cell death induced by ammonia.
The p53 is a tumour-suppressor gene and a regulator of cell growth, differentiation, DNA repair and apoptosis (33) . The p53 fluctuates between latent and active (DNA-binding) conformations and is differentially activated through post-translational modifications including phosphorylation and acetylation. Activation of p53 can lead to either cell cycle arrest or DNA repair or apoptosis (34) . p53 is phosphorylated at multiple sites in vivo and by several different protein kinases in vitro (35, 36) . DNA damage induces phosphorylation of p53 at Ser15 and Ser20 and leads to a reduced interaction between p53 and its negative regulator, the oncoprotein MDM2 (37) . MDM2 inhibits p53 accumulation by targeting it for ubiquitination and proteasomal degradation (38) . p53 can be phosphorylated by ATM, ATR and DNA-PK at Ser15 and Ser37. Phosphorylation impairs the ability of MDM2 to bind p53, promoting both the accumulation and activation of p53 in response to DNA damage (37) . In addition, phosphorylated p53 activity can be regulated by ROS generation induced by cellular stress, which results in cell apoptosis (39, 40) . In the present study, the level of phosphorylated p53 was enhanced significantly and the production of ROS was also significantly increased with ammonia treatment, suggesting that the activation of phosphorylated p53 regulated by ROS may be involved in ammonia-induced cell apoptosis. Furthermore, p53 can induce cell apoptosis by up-regulating pro-apoptotic genes (33, 41) . BAX is a pro-apoptotic member which is located in the outer membrane of mitochondria and a direct target of p53 activation (42) . A decrease in the ratio of BCL2-to-BAX can induce cell apoptosis (43) . In our results, the downstream expression of BAX increased significantly, while the BCL2-to-BAX ratio decreased significantly following ammonia treatment. In addition, BAX can induce cytochrome c release from the mitochondria into the cytosol. The mitochondrial apoptotic pathway is initiated via the release of cytochrome c from the mitochondria. Moreover, the downstream factors, caspase 9 and caspase 3, are activated by cytochrome c. In our study, the expression and the activation of caspase 9 and caspase 3 increased significantly. The extrinsic death receptor pathway is modulated by recognition of extra-cellular ligands via trans-membrane receptors that directly activate the initiator caspase 8 (44) . The present study showed that the expression of caspase 8 increased significantly following ammonia treatment, suggesting that ammonia induced apoptosis of the bovine mammary cells via a caspase-dependent pathway. Taken together, the effects of ammonia on the bovine mammary epithelial cells may be executed through the p53 pathway and the mitochondrial apoptotic pathway. As ammonia toxicity is strongly associated with oxidative stress, it has been reported that the potential roles of the antioxidants [resveratrol (RSV), lipoic acid (LA), N-acetylcysteine (NAC)] protect against ammonia toxicity in C6 astroglial cells. Antioxidants were able to prevent the oxidative damage induced by ammonia, maintaining the levels of ROS production (45) (46) (47) . In the present study, we demonstrated the effects of ammonia on oxidative stress in the bovine mammary epithelial cells. Antioxidants may also prevent the downstream effects induced by ammonia. Furthermore, because of the presence of the enzyme glutamine synthetase (GS) (i.e. glutamine), several kinds of cells such as astrocytes could detoxify ammonia to non-toxic nitrogenous compounds which can be stored in the cell or used for other anabolic processes, or excreted as waste nitrogen (48) . Thus the bovine mammary epithelial cells may be able to detoxify ammonia because GS also exists in these cells. In summary, it is reasonable to deduce that both anti-oxidation and GS detoxification exist in bovine mammary epithelial cells. Further study need to be conducted to provide more evidence about that. Furthermore, it must be mentioned that, as in other reports (15-17), 5 mM ammonia was used as pathological model in the present Figure 6 . Relative expression levels of apoptosis-related proteins with ammonia treatment in bovine mammary epithelial cells. Relative protein levels of BAX (B), caspase 3 (C), caspase 8 (D), caspase 9 (E) and p53 (G) were detected by western blotting. Relative protein levels were analyzed by grey scanning. GAPDH was used as an internal reference for western blotting analysis. Protein level of phospho-p53 was detected by western blotting. Relative p-p53 levels were analyzed by grey scanning (F). The data are shown as mean ± SD. N = 3. *P < 0.05; **P < 0.01.
study. This concentration is well above the circulating levels of the gas. Thus, physiological effects of ammonia need to be studied further.
Bumetanide, a specific inhibitor of the Na + K + 2Cl − -cotransporter, has been reported to decrease the ammonia-induced apoptosis in some cell types by preventing the ammonium ions from entering the cells (11, 49, 50) . In our study, apoptosis rate, ROS concentration and Ca 2+ concentration were decreased significantly in the group treated with ammonia plus bumetanide compared to the group treated with ammonia alone. Furthermore, bumetanide significantly decreased the expressions of BAX, caspase 3, caspase 9 and caspase 8 induced by ammonia. These results suggested that bumetanide significantly abolished the effects of ammonia on bovine mammary epithelial cells by preventing the ammonium ions from entering the cells.
Conclusion
Taken together, we demonstrated the effects of ammonia on apoptosis and oxidative stress in the bovine mammary epithelial cells. In our results, ammonia induced the overproduction of ROS, decreased MMP, interrupted Ca 2+ homeostasis, and subsequently resulted in cell apoptosis. The P53-BAX-BCL2 and mitochondrial apoptotic pathways may both be involved in apoptosis induced by ammonia. Furthermore, the specific inhibitor of the Na + K + 2Cl − -cotransporter (bumetanide) largely abolished the effects of ammonia on the bovine mammary epithelial cells by preventing the ammonium ions from entering the cells (Figure 7 ). The present work may provide insight into the pathological role of ammonia on bovine mammary gland.
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